As part of our studies of the occurrence, biosynthesis, function and human use of trigonelline, we looked at trigonelline-accumulating plant species and at the distribution of trigonelline in different organs of trigonelline-accumulating non-leguminous plants. There are many trigonelline-synthesizing plant species, but apart from legume seeds only a few species accumulate high concentrations of trigonelline. We have found only three species that accumulate high levels of trigonelline: Murraya paniculata (orange jessamine), Coffea arabica (coffee) and Mirabilis jalapa (four o'clock flower). Trigonelline was found in all parts of Murraya paniculata seedlings at 4-13 μmol/g fresh weight; more than 70% was distributed in the leaves. In the coffee plant, trigonelline was found in all organs, and the concentrations in the upper stems, including tips (48 μmol/g FW) and seeds (26 μmol/g FW), were higher than in other organs. In Mirabilis jalapa plants, trigonelline was found in leaves, stems, flowers, roots and seeds; the concentration varied from 0.3 to 13 μmol/g FW and was generally higher in young tissues than in mature tissues, except for seeds. Exogenously supplied nicotinamide increases the trigonelline content. The in planta role of trigonelline and the possible use of trigonelline-accumulating plants in herbal medicine are discussed.
Trigonelline (1-methylpyridinium-3-carboxylate, nicotinic acid Nmethylbetaine) is a pyridine alkaloid derived from catabolites of NAD ( Figure 1 ). Trigonelline was first isolated from a leguminous plant, Trigonella foenum-graecum (fenugreek), by Johns in 1885 [1] . This was the first isolation of a pyridine derivative from a living organism. Trigonelline is widely distributed throughout the plant kingdom [2] , and its biosynthesis occurs in many plants [3] . However, higher concentrations of trigonelline have been reported only in seeds of legumes and coffee [2, 4] , although small amounts have been found in the aerial parts of many angiosperms [5, 6] . As part of our studies of the occurrence, biosynthesis, function and human use of trigonelline, we looked at trigonelline-accumulating plant species and at the distribution of this compound in different organs of trigonelline-accumulating non-leguminous plants.
We measured the trigonelline content in leaves of 40 plant species which produced 14 C-trigonelline from exogenously supplied 14 Clabelled nicotinic acid or nicotinamide [3] . Although small amounts (< 1 μmol/g FW) of endogenous trigonelline were observed in the leaves of some legume species, such as Leucaena leucocephala, the content in most species was below the sensitivity limit of the determination (< 0.01 μmol/g FW) (data not shown). High concentrations of trigonelline (3-20 μmol/g FW) were found in young leaves of three species: Murraya paniculata, Coffea arabica and Mirabilis jalapa. In the present study, we looked at the distribution of trigonelline in different organs of these three species.
Murraya paniculata is a tropical Rutaceae plant. In chemoecological studies of Rutaceae plants and swallow-tailed butterflies, Nakayama and Honda [7] reported that trigonelline in Murraya paniculata leaves acts as a moderate oviposition deterrent to the female butterfly. The detailed distribution and concentrations of trigonelline in this plant have not been determined, however. In the present study we confirmed a high level of trigonelline in all parts of seedlings of Murraya paniculata (Table 1) . Concentrations in leaves (8 -13 μmol/g FW) were higher than in stems and roots (4 -5 μmol/g FW). To determine the distribution of trigonelline, we selected small young trees and measured the trigonelline content in the leaves, stem and root. Expressed in moles per organ, more than 70% of trigonelline content (18.0 μmol) was distributed in the leaves, 16% (4.1 μmol) in the stem and less than 13% (3.3 μmol) in the roots (Fig. 2 ). In previous work we found that Rutaceae plants produced 14 C-trigonelline from 14 C-nicotinamide [3] . In the present work we examined the endogenous level of trigonelline in young and mature leaves of the Rutaceae plants, Citrus depressa and Melicope triphylla but found that the concentration was <0.01 μmol/ g FW. Accumulation of trigonelline is not, therefore, characteristic of Rutaceae plants, although trigonelline biosynthesis probably occurs in all Rutaceae species [3] . We have determined the content of trigonelline in coffee seeds during growth and ripening [8] , and also in commercially used green and roasted coffee beans [9] , but its occurrence in other organs of Coffea arabica is not well documented. In the present study we compared trigonelline concentrations in whole organs of 2-month-old seedlings, 6-month-old young trees grown in pots and in seeds and pulp (pericarp) of mature fruits (Table 1 ). In 2-monthold seedlings, the concentration of trigonelline in green tissues (32 μmol/g FW in cotyledons and 24 μmol/g FW in stems) was much higher than in roots (5.5 μmol/g FW). A considerable concentration (15 μmol/g FW) was also detected in seed coats. In 6-month-old (young) trees, the concentration of trigonelline in the upper (youngest) leaves was high (20 μmol/g FW), and the value in the lower leaves gradually decreased with the position on the tree. The concentration in the upper part of the stem, including the tip (48 μmol/g FW), was much higher than in the lower part of the stem (17 μmol/g FW). The order of trigonelline content in organs of 2 month-old-seedlings is: cotyledon (46%) > stem (37%) > seed coat (8.6%) > root (8.5%). In 6-month-old young trees the order is leaves (47%) > cotyledons (24%) > stem (22%) and root (7%) ( Figure 2 ). Clearly, trigonelline is distributed mainly in the green parts of these plants. Trigonelline is present in beans (seeds) and pulps (pericarp) of coffee fruits. The concentration in beans (26 μmol/g FW) was more than twice that of pulps (12 μmol/g FW); see Table 1 . When the content is expressed per part of fruit, 78% of trigonelline was located in seeds and the rest (22%) in pulp.
Mirabilis jalapa, family Nyctaginaceae, commonly grows in tropical areas. Anaya and Pelayo-Benavides [10] reported that trigonelline was a chemical component of M. jalapa with allelopathic potential. No detailed study of trigonelline in this plant has yet been published. As part of the present study we determined the concentrations of trigonelline in different organs at different growth stages of M. jalapa (Table 1) . Trigonelline was detected in all parts. The concentration was lower in M. jalapa than in either Murraya paniculata or Coffea arabica; values in all types of organ were <4 μmol/g FW. In ungerminated dry seeds the concentration of trigonelline was ~3 μmol/g FW, but little was found in the seed coats (0.03 μmol/g FW). In 1-week-old seedlings the concentrations of trigonelline in the leaf, shoot (above ground) and radicle were similar (~3 μmol/g FW), but 70% of the trigonelline was distributed in the leaf and shoots (Figure 2 ). In 2-month-old seedlings the concentrations in the upper, second and third leaves were respectively 2.6, 0.8 and 0.4 μmol/g ( Table 1 ). The concentration in mature and young parts of the root was similar (~1 μmol/g FW). It was found that 56%, 28% and 16% of trigonelline was distributed, respectively, in roots, leaves and stems ( Figure 2 ). Mature Mirabilis jalapa plants (4 months old) had many leaves, flowers and seeds in different stages of growth. Although the leaf sizes in individual plants were very different, the flower size was similar, making it easy to compare trigonelline content during flower development and senescence. Flowers in four different stages of growth were studied: flower buds (stage 1), the developing flower (stage 2), mature flower (stage 3) and faded flower (stage 4). The concentration in flower buds (stage 1) was 3.2 μmol/g FW and in developing and mature flowers (stages 2 and 3) ~2 μmol/g FW, decreasing slightly once the flowers faded (stage 4). The trigonelline content of each flower gradually increased up to stage 3, and then fell (Figure 3 ). Tuberous roots of M. jalapa enlarged gradually during development, and trigonelline was accumulated. As the roots also accumulate large amounts of storage compounds such as starch, the amount of trigonelline expressed per g FW is not so high (< 0.8 μmol/g FW). In 4-month-old plants, the fresh weight of the root was 9.4 ± 0.2 g, so that the trigonelline content was 7.3 ± 0.2 μmol/root.
As the trigonelline content increases with salt stress in soybean leaves, trigonelline acts as a compatible solute [11, 12] . In the present work we investigated the effect of NaCl (100 mM and 200 mM) on the trigonelline content of leaf disks of Mirabilis jalapa, Leucaena leucocephala, Bruguiera gymnorrhiza and Alocasia odora. After 18 h of incubation with NaCl, there was no significant difference in trigonelline content between the control and NaCltreated leaf disks (data not shown).
Our previous paper found that many plant species are able to synthesize 14 C-trigonelline from 14 C-labelled nicotinamide. In verification, we examined the effect of 1 mM nicotinamide on the endogenous level of trigonelline. Nicotinamide increased the trigonelline content after 18 h-treatment ( Figure 4) . The effect was greater in the species which do not accumulate trigonelline, Bruguiera gymnorrhiza and Alocasia odora; a measurable amount of trigonelline was found only in the nicotinamide-treated leaf disks. In Leucaena leucocephala there was a 3.3-fold increase in the nicotinamide-treated leaf disks, and in Mirabilis jalapa a 1.3-fold increase. These data indicate that trigonelline synthesis occurs even in plant species in which trigonelline is apparently not accumulated.
Trigonelline is synthesized from nicotinic acid, which is provided by the so-called pyridine nucleotide cycle [2, 13] . With the exception of ferns and certain orders of angiosperms, most plants have the ability to produce trigonelline [3] . Nevertheless, trigonelline is not accumulated in many plants. The present study has found that trigonelline is distributed in high concentrations in all organs of Murraya paniculata, Coffea arabica and Mirabilis jalapa. These concentrations match the concentration in trigonelline-rich Fabaceae seeds such as Medicago sativa (12 μmol/g FW) [4] . Large amounts of trigonelline accumulate in leaves and stems of Murraya paniculata and Coffea arabica, and in roots of Mirabilis jalapa.
In Murraya paniculata, trigonelline acts as a chemical defense that protects soft tissues from herbivorous predators such as insect larvae. The Common Mormon, Papilio polytes, is a species of swallowtail butterfly that feeds on Rutaceae, in particular Toddalia asiatica, but trigonelline-rich Murraya paniculata is not eaten by this butterfly [7] . Since nicotinic acid and nicotinamide inhibit the growth of mungbean roots and proliferation of lettuce cells but trigonelline does not [14, 15] , the formation of trigonelline from these compounds appears to be a detoxification mechanism. The mechanism of accumulation in trigonelline-accumulating plants and the function of trigonelline in these plants are not yet fully elucidated.
Trigonelline has also been proposed recently as a protective dietary agent in human health. It has been shown to possess, hypoglycemic, neuroprotective, anti-invasive, estrogenic, anti-cancer and antibacterial activities (see the review by Ashihara [9] and Ashihara et al. (submitted) . The trigonelline-accumulating plants studied here can, therefore, be used as herbal sources of trigonelline for better human health. Dried roots of Mirabilis jalapa, which contain trigonelline, have been used as a traditional Chinese medicine [16] . Trigonelline-accumulating plants might be suitable for use as health-related agricultural products; for example, dried leaves of Murraya paniculata could be used as a trigonelline-rich herbal tea. 
